Abstract We examine the ultraviolet images of Saturn obtained by the Hubble Space Telescope (HST) between 1997 and 2013 for the presence of auroral storm signatures, consisting of 2060 individual images over 74.4 h of exposure time. We find 12 storm intervals in these data, identified by bright high-latitude auroras spanning the dawn sector, which previous studies have shown are excited by strong magnetospheric compressions by the solar wind. While most of these events have previously been discussed individually, here we consider what may be deduced about the lifetime of storms, yet unobserved directly for a given event, by examining the ensemble. Specifically, we examine the presence or absence of storm signatures in successive HST observing "visits" separated by varying intervals of time. We show that the observations are consistent with a typical lifetime of~1.5 Saturn rotations (~16 h), within a likely range between~1 and 2 rotations. We suggest that this time scale and the storm evolution morphology relate to the time for hot plasma subcorotation around the planet, following injection postmidnight after a major burst of tail reconnection excited by the solar wind compression. From the overall observed~12% occurrence frequency of storm signatures, we further infer an averaged storm recurrence time of~5.5 days (~4-7 days), although this averaged value could be shortened by the occurrence of successive storm activations within few-day disturbed solar wind intervals as observed directly in two cases.
Introduction
Saturn's ultraviolet (UV) auroras exhibit a number of dynamic phenomena that occur on a range of spatial and temporal scales. These include bifurcated auroral arcs and patchy transient forms in the high-latitude noon to dusk sector taken to be associated with time-dependent reconnection at the dayside magnetopause Badman et al., 2013; Meredith et al., 2013 , subcorotating small-scale structures within the quasi-steady dawn arc that may be related to ULF waves or other oscillatory phenomena Meredith et al., 2013] , and transient spots of emission near the nightside oval suggested to arise from small-scale field dipolarizations in Saturn's magnetic tail [Jackman et al., 2013] . Of all these time-dependent phenomena, however, the most dramatic are the large-scale auroral storms that occur in response to major magnetospheric compressions by the solar wind Clarke et al., 2005; Crary et al., 2005; Grodent et al., 2005; Bunce et al., 2006] . The latter storms are the topic of the present study.
the open flux present Badman et al., 2005] . A related phenomenon is also occasionally observed to occur at Earth [e.g., Zesta et al., 2000; Boudouridis et al., 2003 Boudouridis et al., , 2004 , involving a significant brightening and poleward expansion of the auroras throughout the nightside, indicative of open flux closure in the tail. Similarly at Saturn, open flux closure injects heated and compressed tail plasma into the outer nightside magnetosphere leading initially to poleward expansion of the auroras in that sector. Subsequently the injected hot plasma and associated auroral bulge flow around the planet via dawn due to coupling to the rapid planetary rotation via ion-neutral collisions in the polar ionosphere [e.g., Cowley et al., 2005; Mitchell et al., 2009] . Nichols et al. [2014] have recently studied small-scale auroral structures within the Saturn's storm bulge, showing in one case a brightened arc at the poleward border that expanded eastward at~3 times the corotation speed (Saturn's rotation period being~10.7 h), taken to be the signature of ongoing tail reconnection. It is no doubt that the case that tail reconnection events at Saturn occur on a range of spatial and temporal scales, leading to a corresponding range of auroral events. These include the small-scale transient tail events and nightside emissions examined by Jackman et al. [2013] as mentioned above, as well as medium-scale events such as those discussed by Mitchell et al. [2009] (their Figure 7) and Badman et al. [2014] (their Figure 4) . Although there are as yet no clearly established divisions between such categories of event, here we concentrate on well-defined large-scale storms such as those first clearly observed during the HST Cassini approach campaign in 2004 Crary et al., 2005; Grodent et al., 2005; Bunce et al., 2006] , having associated tail effects exemplified by those reported by Bunce et al. [2005] . The identifying signatures of such storms will be further discussed in section 2.
As indicated above, due to the evidently extended duration of storm events and the intermittent nature of Saturn auroral observations, no one event has yet been observed in all its evolutionary stages from initial brightening and poleward-dawnward expansion to eventual dissipation and reestablishment of usual auroral conditions. The overall temporal evolution of such events thus remains uncertain. At the same time, it seems inevitable given the growing volume of imaging data that all such stages have indeed been observed in one event or another. In this paper we thus examine the database of HST Saturn UV auroral images acquired over the past~17 years, now encompassing~2000 individual exposures, in order to better characterize large-scale storm events. Although such events can also be observed with the Cassini imaging instruments, these generally provide intermittent views of the aurora from a wide range of orbital distances and viewing geometries, using a variety of cross-planet scanning modes. The HST images, on the other hand, provide a relatively homogeneous, though seasonally dependent, data set that is more suitable to the present study.
HST UV Image Data Set
The overall UV image data set examined here was acquired on 143 individual HST orbits that took place between 1997 and 2013, yielding a total of 74.4 h of accumulated exposure time. Figure 1 provides an overview of these data, where Figure 1a first shows the planetocentric latitude of the Sun at Saturn over this interval, illustrating the developing seasons from southern summer to northern spring across equinox (zero subsolar latitude) in mid-2009, which strongly influences the view of the aurora from the Earth as indicated in section 3. Figure 1b then shows a histogram of the distribution of HST Saturn exposure time by calendar year, together with the number of individual HST orbits involved. Most of these data were acquired during the interval of Cassini approach to the planet in 2004 and during subsequent in-orbit operations, generally obtained in few-week observing campaigns when Saturn was in near opposition at Earth. Since Saturn is visible to the HST for approximately half of each~96 min low Earth orbit, individual observations generally consist of~45 min data sequences termed "visits," variously subdivided into sequential images possibly employing different instrument filter settings. The earlier 1997-2004 data were obtained using the Space Telescope Imaging Spectrograph (STIS), with, e.g., 4 images per visit being obtained during the Cassini approach campaign in early 2004. Following the failure of STIS in mid-2004, however, the Solar Blind Channel (SBC) of the Advanced Camera for Surveys (ACS) has been employed to obtain a larger number of UV images (typically 19 most recently) during each visit. This switch in instrument does not lead to significant inhomogeneity in the data set, however, since the spatial resolution of the images is similar for both, and the modest difference in their sensitivity is unimportant for observations of bright storm auroras. The use of different filters during a visit, which either include or exclude the modest contribution of auroral H Lyman-α emissions, proves similarly to be inconsequential. Further
Journal of Geophysical Research: Space Physics 10.1002/2014JA020601 discussion of such instrument-related topics for auroral studies is given by Gustin et al. [2012] . The only exception to the use of STIS or ACS/SBC has been in a group of three visits at the end of the 2007 campaign which instead used the Wide Field Planetary Camera 2 (WFPC2), following an ACS safe mode event that occurred within the campaign interval. These images have significantly inferior sensitivity and resolution but are still sufficient to identify the presence or absence of bright storm emissions (see section 3.4).
For the more recent ACS and WFPC2 data, each HST visit has been given a two-symbol identifier, where the initial letter identifies the observing campaign, or subsection thereof, while the following number or Figure 1b for which an auroral storm was present in the image data together with the number of individual storm events that were present.
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letter identifies the usually (but not invariably) sequential individual HST orbits within that campaign or campaign subsection. Due to operational constraints, however, we note that for one visit, the observing sequence was split between two consecutive HST orbits, this being visit W9 during the 2008 Saturn campaign, the data for which will be discussed in section 3 (Figure 4 introduced below). With regard to the cadence of the one-orbit Saturn image data sequences (thus usually visits), it is evident that the minimum interval between such data sets corresponds to the HST orbital period, with a minimum interval of~50 min, thus elapsing between the end of one data sequence and the beginning of the next. However, while a number of such high-cadence image sets extending, e.g., over~3-6 HST orbits (~4-8 h), have been acquired during observing campaigns, the visits within typical~1-2 week HST campaigns, or campaign subsections, are more usually separated by~1-2 days [e.g., Grodent et al., 2005; Clarke et al., 2009; Meredith et al., 2013] .
Auroral storm intervals within these images are generally identified by the presence of bright (tens of kilorayleigh (kR)) structured auroral forms which are distributed broadly in local time (LT) via dawn and which extend significantly poleward of usual locations, often forming a broad band of bright emissions in the dawn sector. To date, similar features have not been observed in the noon to dusk sector. Under usual conditions, the UV aurora at dawn lies in the colatitude range of~14.5°-18°in the northern hemisphere and 16.5°-19.5°in the southern [Carbary, 2012] , the difference between the hemispheres relating to the north-south axial quadrupole asymmetry of the planetary magnetic field [Burton et al., 2010] . The above statement on storm morphology is thus taken to refer to bright auroras at dawn extending poleward to~10°colatitude and beyond in the northern hemisphere, and to~12°colatitude and beyond in the southern, these positions thus lying at least~4°poleward of the usual poleward limits in this LT sector. Twelve individual events approaching or exceeding these criteria have been identified by visual inspection of the image data, all of which have previously appeared in the literature (see Table 1 introduced below), and most of which have been discussed as individual storm events in the papers cited above. Here however, we consider what may be learned by newly examining the ensemble of such events. Storm overview information is given in Figure 1c , where we show the fraction of the yearly exposure time in Figure 1b for which storm features were present, together with the number of individual events identified. Overall, "storm" images so identified correspond to~12% of the HST Saturn exposure time.
Further details of the events are given in Table 1 . Specifically, the columns of the table indicate the storm event identifier employed in this paper numbered in time sequence together with the relevant figure number, the corresponding HST instrument employed and number of orbits of storm images observed (usually equal to the number of visits), the time and date of the storm and the interval over which the storm was observed by the HST, the time between the last "quiet" image and the first storm image if any prior images exist within a 3 day interval, the corresponding time between the last storm image and the first quiet image if any exist within a 3 day interval, and finally selected references to prior discussions of these events in the literature.
HST Image Presentation and Analysis
Storm Images and Figure Format
In Figure 2 , we make an initial presentation of image data that exemplifies the figure format, as well as the varying view of auroral storms over the~17 year data interval. The data reduction process employed is similar for STIS and ACS exposures as described in a number of previous works [e.g., Grodent et al., 2005; No relevant images were obtained either before or after in this case. The emission intensity scale (kR) for all these images is shown on the right of the figure, the same scale being employed throughout the paper.
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10.1002/2014JA020601 Clarke et al., 2009; Nichols et al., 2008; , with background-subtracted images being projected onto a latitude-longitude grid 1100 km above the International Astronomical Union 1 bar reference spheroid, this generally corresponding to the peak height of UV auroral emission [Gérard et al., 2009] . The WFPC2 images, however, are of insufficient quality to warrant such processing. Figures Examining the images in Figure 2 , we note that Figure 2a shows the single STIS southern hemisphere image obtained on 7 December 2000, which displays the first storm feature as identified by Prangé et al. [2004] . This shows a moderately bright bifurcated oval which extends to moderately high southern latitudes in the midmorning sector. No relevant earlier images were obtained in this case that constrain the prior evolution of the event, while the single subsequent image in Figure 2b shows that this feature had disappeared~22.4 h later. The latter image instead shows a more typical quiet narrow arc extending from postmidnight to postnoon, discussed by Cowley et al. [2004] , similar to the weaker lower latitude emission seen in Figure 2a .
Figures 2c and 2d then show the first and last of the 19 northern hemisphere images of storm 10 obtained during a single visit in April 2013, for which there are no other relevant images either before or after (Table 1) . The data on this event are thus confined to the~44 min interval of the single visit itself. These images show the presence of a broad bright auroral bulge that extends well poleward of~10°colatitude throughout the postmidnight to postdawn sector, containing highly structured arc-like forms that vary significantly over the interval of the visit. In particular, as mentioned in section 1 above, an arc at the poleward edge of the bulge which is just visible in the postmidnight sector in Figure 2c is seen to expand eastward at 3.3 times the corotation rate to span the entire bulge edge into the postdawn sector by Figure 2d , this taken to be the signature of a tail reconnection activation event within the storm interval. The overall envelope of the emission, however, containing the newly closed flux, is seen to vary only modestly during the visit, the leading poleward edge propagating from dawn toward noon at~60% of rigid corotation. Such a speed suggests an evolution of the structure over a number of hours, corresponding, e.g., to an interval of~5 h (half a Saturn rotation) to propagate across a significant~6 h interval of LT in the midnight-to-dawn sector.
As we will see below, the overall auroral morphology of these events suggests that storm 10 in Figures 2c and 2d corresponds to a relatively early stage of development, perhaps a few hours after initial bulge formation in the postmidnight sector, while storm 1 likely corresponds to a stage of fairly late decay. A central goal of this study is to determine what limits can be set on the time scale involved between growth to decay from examination of the overall storm data set.
Primary Storm Image Data Sets
In Table 1) .
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In each case, we also have relevant image sets obtained both before and after these observations, though with significantly greater displacement in time than for the central block of images. At the top of each figure, we thus show the last of the individual exposures obtained prior to the storm interval, while at the right of the figure, we show the first of the individual exposures obtained after the storm interval. These will be referred to in the discussion below as the "before" and "after" images. 
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figures is again indicated by the blue arrows, each labeled with the time interval from the end of the previous image to the beginning of the next. The interval over which storm images were obtained by the HST, from the start of the first image to the end of the last, is given in the third column of Table 1 , while the intervals between the storm images and the before and after images are given in the fourth and fifth columns, respectively. (Table 1) . The format is the same as Figure 3 .
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In Figures 3 and 4 for storms 6 and 7, storm-related features are continuously present in the southern hemisphere throughout the central block of images in each case (Figures 3b-3g and 4b-4g ). For storm 6 in Figures 3b-3g , these initially show a band of bright auroras extending just poleward of~10°colatitude at dawn, brightest near the poleward border, which extend to~10 h LT in the prenoon sector. With increasing time over the~3.9 h interval, these are seen to contract somewhat in LT away from noon, but to broaden in latitude in the postdawn sector to cover much of the range from~10°to 20°colatitude in bright variable structured forms, similar to storm 10 in Figures 2c and 2d over the mutually observed LT range. These observations show that such forms can persist in the dawn sector for intervals of at least~4 h, comparable to the expansion time scale estimated in section 3.1. For storm 7 in Figures 4b-4g observed at an interval of 4.6 days following storm 6, the auroral distribution is initially similar to storm 6, although extending with weaker emissions into the postnoon sector in Figures 4b-4e . The emissions extend further poleward in the postdawn sector in Figures 4d and 4e compared with Figures 4b and 4c , suggestive of an eastward expansion of the bulge similar to that observed for storm 10 in Figures 2c and 2d , before bifurcating into two bright regions in Figures 4f and 4g . One of these regions again encompasses a substantial fraction of the range of~10°-20°c olatitude in the postdawn sector, similar to storm 6 in Figures 3f and 3g , while the other extends to very high latitudes well poleward of~10°in the immediate prenoon sector. Again, we find bright spatially extended storm forms persisting over the full~3.7 h interval of these observations. Importantly, however, neither the before images in Figures 3a and 4a , observed at prior intervals of~17 and~35 h, respectively, nor the after images in Figures 3h and 4h , at following intervals of~24 and~30 h, respectively, show any evidence of storm-related emissions. Instead, these show much weaker emissions, with a narrow arc centered between~15°a nd~19°from dawn to prenoon, giving way to patchier higher-latitude forms in the noon to dusk sector, corresponding to more usual conditions [e.g., Gérard et al., 2004; Grodent et al., 2005; . Figure 5 shows similar coverage of storm 11 in which the central block of images in Figures 5b-5g appears to encompass the late phase of a storm event . In the first set of storm images in Figures 5b and 5c , we see a high-latitude band of bright auroras in the dawn-to-noon sector, which extends poleward of~10°colatitude, with the brightest forms at the poleward border. In the second set in Figures 5d and 5e, these auroras dim and again appear to bifurcate, with a weak form extending in LT from predawn to noon at more usual northern dawn arc locations near~15°and a continuing brighter form lying poleward of~10°between noon and postdawn. The similarity of this bifurcated morphology to that of storm 1 in Figure 2a is notable. With increasing time in Figure 5f , the prenoon forms continue to weaken, and have almost disappeared at the end of the sequence in Figure 5g . Higher latitude postnoon to dusk forms are also intermittently present in these images (e.g., Figures 5c and 5f ), likely relating to intermittent magnetopause reconnection processes .
Despite the fact that these images appear to document the decay phase of storm 11 over an interval of 3.9 h, it is notable that no storm features are observed in the before image in Figure 5a at an interval of 22 h compared with the start of the first storm image, which shows only a relatively bright narrow arc that extends across dawn at usual colatitudes. This image, together with the central block of images (Figures 5b-5g ) thus demonstrates that the duration of this storm was less than~25.5 h. Nichols et al. [2014] have established that the bright emissions observed in this late phase were associated with the trailing region of a hot plasma injection in the middle-to-outer magnetosphere observed in a concurrent Cassini/Ion and Neutral Camera energetic neutral atom (ENA) image and inferred that the emissions were associated with the upward-directed field-aligned current expected to be associated with such an azimuthal gradient in plasma pressure. Transforming the injection backward in time using the rotation rate of~50% of rigid corotation observed in the auroral features (see Nichols et al. [2014] , their Figure 3) , we further infer that the leading edge of the injection formed in the midnight sector at roughly~5 UT on the storm day (20 May 2013), consistent with the lack of observation of the storm in the before image~9 h earlier. Given that the time of decay of the storm was at~22:30 UT on that day, taken to be essentially the time of Figure 5g , the implication is that the lifetime of this storm was~17.5 h. Certainly no storm features were observed in the after image in Figure 5h , obtained following an interval of~18 h.
We further note with Nichols et al. [2014] , however, that a second storm began within the third of the threeorbit sequence shown in Figure 5 , termed here storm 12. This is observed as a bright high-latitude arc that expanded rapidly at~1.9 times rigid corotation from the postmidnight sector toward dawn in Figures 5f and 5g that was not present~50 min earlier in Figure 5e . This speed is thus comparable with the~3.3 times
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rigid corotation found by Nichols et al. [2014] for the eastward expansion of the poleward arc in storm 10 shown in Figures 2c and 2d and is thus similarly taken to represent the signature of a tail reconnection activation event observed even earlier in the storm interval. Despite this, no storm signatures are present in the after image in Figure 5h , implying an overall lifetime of this event of less than~20 h. Table 1 ). The overall format is similar to Figure 3 .
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In Figure 6 we also show images of storm 8 in February 2009 [Nichols et al., 2009] , observed shortly before Saturn equinox in August that year. Temporal coverage is less complete than for storms 6, 7, and 11 in Figures 3-5, but in this case, the data for both northern and southern hemispheres are simultaneously available (Figures 6a-6e and 6f-6j, respectively), albeit with a highly oblique view, allowing approximate conjugacy to be examined. Here the storm images were obtained on two visits separated by 4.1 h, together with an after image obtained following an interval of~18 h. No relevant before images are available in this case. The images from the first visit (Figures 6a and 6b in the northern hemisphere and 6f and 6 g in the southern hemisphere) show the presence of broad bright auroral forms extending from dawn into the prenoon sector in both hemispheres, similar to those observed in Figures 3-5 , but not extending strongly poleward of usual locations at this time. However, the images from the second visit (Figures 6c and 6d in the northern hemisphere and 6 h and 6i in the southern hemisphere) show the presence of bright patchy forms extending to high latitudes in the prenoon sector together with a weaker narrow dawn arc at lower latitudes that have features in common with those observed in the later images for both storms 7 (Figures 4f and 4g ) and 11 (Figures 5d-5g) . Overall, these features show approximate conjugacy in the two hemispheres, consistent with a phenomenon located on closed dayside flux tubes, although with some possibly projection-related distortions and differences in intensity between the two hemispheres. At the same time, a general lack of conjugacy is observed in the dusk side emissions, possibly indicative of reconnection-related processes at the magnetopause, thus involving open flux tubes [e.g., Meredith et al., 2013 . The after image observed~18 h later, however, shown for the north and south in Figures 6e and 6j, respectively, again exhibits more usual morphologies in both hemispheres.
Implications of Results for Storm Time Scales
We now consider what these results imply about the time scale of Saturn auroral storms, given the evident fact that no one set of storm observations captures the whole event from onset to decay. First, we note that in all four observations in which storm features were observed during intervals of imaging covering~4-5 h (Figures 3-6 ), such features were observed over the whole interval, though possibly only just so for storm 11 in Figure 5 , which had decayed to the presence of weak high-latitude forms in the prenoon sector at the end of the main imaging interval. This implies that the time scale of such events is generally a significant factor longer than~4-5 h; otherwise, such imaging intervals would be dominated by examples in which the storm either appeared or disappeared, or both, within the~4-5 h observation interval. We already noted in regard to storm 10 in Figures 2c and 2d that only small storm evolutions are observed over thẽ 40 min intervals of individual visits, a finding that is consistent throughout the examples in Figures 3-6 . However, from the motion toward noon observed in the dawn sector auroral bulge in storm 10 we also inferred an evolution time for expansion over an~6 h LT interval into the prenoon sector of~5 h. Correspondingly, significant storm evolution is indeed found on the~4-5 h observation time scales for storms 7, 8, and 11 in Figures 4-6 , each involving the formation of bifurcated emissions in the prenoon sector extending to high polar latitudes. Storm 1 in Figure 2a appears to be of similar morphology. No such feature was observed in storm 6 in Figure 3 , however, in which bright high-latitude dawn forms extended equatorward, but not significantly toward noon, over the 4 h interval of observations, indicating observation of an interval following the initial expansion but prior to the onset of decay. From ancillary Cassini ENA image data presented by Nichols et al. [2014] , a lifetime of~17.5 h was also inferred for storm 11, whose decay was observed over an~4 h interval by HST (Figures 5b-5g) .
Second, however, we note that no cases related to storm features were observed in the images acquired before or after the central~4-5 h of observations being displaced in time typically by intervals of~20 h. In the three cases for which we have such information, the~4 h sequence of storm images were located near centrally within an interval bounded by nonstorm images which was~46 h long for storm 6 in Figure 3 ,~57 h long for storm 7 in Figure 4 , and~44 h long for storm 11 in Figure 5 , thus showing that these storms must certainly have endured for shorter intervals than these. The overall implication therefore is that the time scale of storms is typically significantly shorter than such intervals; otherwise, it is likely that events would have been observed in which storm features bridged the~20 h gaps between the~4 h blocks of observations and the before or after image sets. In addition, consistent with this conclusion, we estimated a lifetime of~17.5 h for storm 11, while the lifetime of storm 12 was certainly less than~20 h.
Our results thus directly imply that storms must generally last for intervals significantly longer than~4-5 h but significantly shorter than, say,~50 h. If roughly the same factor applies in both cases, the overall
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implication is that the duration of typical storms is likely around~16 h, i.e., roughly~3 times longer thañ 5 h, and~3 times shorter than~50 h. This estimate, essentially~1.5 Saturn rotations, is then entirely consistent with the lifetime of~17.5 h inferred for storm 11 and the upper limit of~20 h for storm 12. A reasonable likely range lies between~1 and~2 Saturn rotations, i.e.,~11 to~21 h, where~11 h still qualifies as larger than~4-5 h by a factor of~2 and~21 h as smaller than~50 h by a similar factor.
Assuming these lifetime values, we may then consider the probability that one will observe either the beginning or the end of a storm within a given~4-5 h observing sequence, noting that the results in Figures 3-6 suggest a value no larger than~25%, given the essential disappearance of storm 11 within such an interval in Figure 5 . We consider a storm of duration T S , and assume that in order to confidently identify either the beginning or the ending of the storm in an observation of length τ, the center of the observing interval must lie within~τ/4 on either side of that occurrence, so that the start or end of the storm is observed for at least a quarter of the interval. In that case, a storm occurrence will be detected within the interval if its randomly placed center time lies within a total interval of length T S + (τ/2), while the beginning or ending of the storm will be observed during that interval if the center time lies within an interval of length τ within that overall time. The probability of observing a beginning or ending within a set of storm images of length τ is thus P ≈ τ/(T S + (τ/2)), such that if we put τ ≈ 5 h and T S ≈ 16 h, we find P ≈ 0.27, in agreement with the results discussed above. Lifetimes between~11 and~21 h yield probabilities spanning between 0.37 and 0.21, respectively, the latter value appearing to be more likely than the former. Overall, it thus seems safe to conclude that Saturn auroral storms generally last for between one and two Saturn rotations,~11-21 h, typically around one and a half rotations or~16 h.
The further implication of an overall~12% occurrence frequency of storm-related exposure time in our data set is that the time between individual storms is on average~5.5 days, within the likely range of~4-7 days, which seems reasonable in terms of known behaviors [e.g., Clarke et al., 2005 Clarke et al., , 2009 . Alternatively, if we group the HST data into "observing units" in which a set of HST Saturn visits lying within one Saturn rotation period (comparable to a storm lifetime) is counted as one unit, separated from the next by at least one Saturn rotation period (generally longer than a storm interval), we find that storm signatures are present for 11 out of 96 such units (one unit contains two storms as seen in Figure 5 ). This corresponds to a very similar storm percentage occurrence of~11.5% from which essentially the same conclusions follow. We should remember, however, that the overall data set on which these statistics are based is fairly modest, such that the values remain subject to future refinement. Further discussion of these findings is provided in section 4.
Further Storm Examples
In Figures 7-9 , we show most of the remaining storm examples in a similar format to Figures 3-6 and provide brief discussion in relation to the above conclusions. Figure 7 shows southern hemisphere STIS images obtained during the Cassini approach campaign in January 2004, that are known to relate to the arrival at Saturn of an~4 day solar wind corotating interaction region (CIR) compression Crary et al., 2005; Grodent et al., 2005; Bunce et al., 2006] . In this case, the before image shown in Figure 7a , the last of four STIS images from visit V10 (see Appendix A), shows a typical narrow dawn arc, while the images obtained~42 h later in visit V11 in Figures 7b and 7c show storm 2, in which a broad region of bright highlystructured emission centered in the dawn sector extends almost to the pole. To date, these images represent the best-observed highly disturbed storm emissions, although clearly similar in nature to the emissions observed in other storm intervals, particularly for storm 10 in Figure 2d . The subsequent images obtained~30 h later in visit V12, shown in Figures 7d and 7e , also show bright high-latitude emissions in the dawn sector, but having completely altered morphology compared with the earlier storm emissions in Figures 7b and 7c . In view of the above discussion of storm lifetimes, typically~16 h in the range of 11-21 h, it thus seems likely that this represents a new disturbance observed early in its evolution, with a high-latitude auroral "bulge" forming in the postmidnight sector and extending perceptibly eastward over the interval of the visit. For this reason we have termed this storm 3 within the present study, although given the known nature of the event, disturbed auroras may have been present over much of the~4 day CIR-related compression interval, of which storms 2 and 3 represent separate activations. The final after image in Figure 7f , obtained~65 h later in V13, then again shows a more usual "oval" morphology, brighter at dawn than at dusk, but with an unusual number of bright patchy structures still being evident. Indeed, given the fact that this image was obtained toward the end of the ongoing CIR event, it may represent the , for which the features are much less well marked. The before image in Figure 8a shows a relatively bright oval of usual morphology, while the storm images observed after an interval of~16.4 h in Figures 8b and 8c show similar but broader bright auroral forms that extend to somewhat higher latitudes in the dawn sector. Similar but dimmer and patchier emissions persist after an interval of~23.2 h in Figures 8d and 8e , with bright high-latitude forms now present in the prenoon sector, similar to storms 7, 8, and 11 in Figures 4-6. These auroras have then disappeared in the after image in Figure 8f , observed after a further~20.0 h, where only weak emissions indicative of a partial oval at more usual latitudes is present. Due to the lack of continued imaging between the two central visits exhibiting disturbed high latitude forms (Figures 8b-8e) , the overall development remains unclear in this case. However, judging from the similarity of the emissions, this may possibly represent a case of unusual storm longevity, at least~24.7 h between the start of Figure 8b and the end of Figure 8e , somewhat beyond the longer limit of the~11-21 h lifetime range discussed above. Figure 9a shows relatively weak emissions of usual morphology, while the storm images observed in a single visit in Figures 9b and 9c show bright patchy forms extending well poleward of 10°colatitude in the noon-to-dawn sector. Using a magnetic model, Belenkaya et al. [2014] have shown that these emissions map to the whole of the middle-outer magnetosphere in the dawn to noon sector, from equatorial radial distances of~10 R s to the magnetopause (see their Figure 5 ). (R s is Saturn's equatorial 1 bar radius of 60,268 km.) Significantly weaker high-latitude forms are also present in the after image in Figure 9d , but since this follows at an extended interval of~63 h, it is not possible to know what evolution may have occurred between, and we have not assumed that these are storm related in this case.
Finally, we note that during storm 5, observed in the southern hemisphere in February 2007, bright auroras were observed spanning the dawn sector, extending broadly from usual locations to poleward of~10°c olatitude Mitchell et al., 2009] . Only weak auroras were present in a before image observed 25 h previously, however, thus conforming to the usual pattern discussed above, while no after images were obtained in this case. We recall from Table 1 instrument as mentioned in section 2, which has an order of magnitude less sensitivity than ACS,~10 kR compared with~1-2 kR. Consequently, though storm conditions were clearly evident during the interval, presentation in projected format in the same manner as for the other events here is not warranted.
Discussion and Summary
In this paper we have examined and discussed the set of 12 individual storm events observed in HST Saturn UV images over the~17 year interval 1997-2013, most of which have been identified individually and discussed in previous publications. The unusual nature of these events compared with usual morphologies, with regard both to brightness and latitudinal extent in the dawn sector, is made readily apparent here from brief comparison of the storm images with both before and after images in Figures 2-9 . Given the fact, however, that no one of these events has yet been observed over its full evolution, the purpose of this paper is to elucidate the overall time scales involved, as well as the auroral morphology during various evolutionary stages. The overall HST data set examined consists of 74.4 h of HST exposure time obtained on 143 HST orbits, with 2060 individual exposures, in which storm features were observed~12% of the time.
Our primary conclusion is that the duration of Saturn auroral storms is typically~16 h, within a likely range of~11 to~21 h, corresponding to~1.5 Saturn rotations within a likely range from~1 to~2. The main evidence on which this conclusion is based is as follows:
1. Only modest evolution of overall storm auroral morphology is ever observed during individual~40 min HST visits, although small-scale auroral structures may change significantly on such time scales, in particular the eastward poleward arc expansions at~2-3 times the corotation speed observed in storms 10 and 12. 2. Significant evolution of storm morphology is generally observed over sequential HST visits encompassing 4-5 h of observations (storms 6, 7, and 8 in Figures 3, 4 , and 6), but only in one case do we see the essentially complete decay of a storm over such a sequence (storm 11 in Figure 5 ), thus suggesting that storm lifetimes are a significant factor longer than such observation intervals. 3. In no cases do we observe storm signatures in images displaced by intervals~20 h before or after such storm intervals, thus suggesting that storm lifetimes are a significant factor shorter than the~50 h intervals between such before and after images. 4. Eastward propagation of an early-phase bulge (storm 10 in Figures 2c and 2d ) at~60% of rigid corotation suggests an expansion time scale of~5 h for a significant~6 h LT propagation. 5. In the one case where an almost complete storm decay was observed (storm 11 in Figure 5 ), an overall lifetime of~17.5 h is inferred from consideration of the rotation of the associated plasma injection observed in Cassini ENA images.
In discussing these results we make the assumption with Cowley et al. [2005] that Saturn auroral storms are associated with bursts of tail reconnection and hot plasma injection onto middle-outer magnetosphere closed field lines on the nightside as observed in situ by Bunce et al. [2005] , followed by subcorotation of the hot plasma around the planet, as indicated in section 1. We note that this scenario is consistent with the observation of storm 8 during the HST equinoctial campaign in 2009 showing approximate conjugacy of storm auroras between northern and southern hemispheres ( Figure 6 ). It is also consistent with the magnetic modeling results of Belenkaya et al. [2014] , which show that the bright emissions for storm 9 ( Figure 9 ) map to equatorial radial distances from~10 R s to the magnetopause in the dawn to noon sector. Similar results for storm 7 (Figure 4 ) have also been derived by Belenkaya et al. [2011] (see their Figure 10 ). Given the fact that such plasma injections typically rotate at~60%-70% of rigid corotation [Carbary and Mitchell, 2014] (see also Thomsen et al. [2010 Thomsen et al. [ , 2014 ), we note that the inferred~16 h time scale corresponds closely to the time taken by the injected plasma to make one turn around the planet. It thus seems plausible that the storm time scale and morphology basically reflects the plasma subcorotation time scale around the planet following injection on the nightside.
Our suggested empirical scenario for storm development within the typical~16 h interval thus consists of an initial "expansion phase" in which a poleward-expanding auroral bulge associated with the onset of rapid tail reconnection forms in the postmidnight sector and propagates eastward over intervals of~5-7 h into the prenoon sector. Examples include storm 3 (Figures 7d and 7e ), storm 10 (Figures 2c and 2d) , and storm 12 (Figures 5f and 5g) . A ribbon of bright auroras occurs at the poleward edge of the bulge connected to the ongoing reconnection region as discussed by Nichols et al. [2014] , with structured forms generally lying equatorward produced by precipitation of hot plasma injected from the tail, no doubt permeated by structured magnetosphere-ionosphere field-aligned coupling currents. This disturbance grows to a "main phase" lasting perhaps a further~4-6 h in which bright structured auroras fill the dawn sector from high polar latitudes down to more usual dawn arc locations, although generally only extending as weak lower latitude forms into the postnoon sector. Examples include storm 2 (Figures 7b and 7c ), storm 6 (Figures 3b-3g) , and the initial interval of storm 7 (Figures 4b-4e) . Finally, the region of bright auroras grows dimmer over a "decay phase" lasting perhaps a further~4-6 h, in which the initially broad auroral region bifurcates into a decaying band at the poleward edge of the bulge, generally observed centered in the prenoon to noon sector, and a band at the equatorward edge that reforms the dawn arc. Examples include storm 1 (Figure 2a ) and the later intervals of storm 7 (Figures 4f and 4g ), storm 8 (Figures 6c, 6d , 6h, and 6i), and storm 11 (Figures 5d-5g ). At this stage the by-then aurorally inactive "head" of the injected hot plasma has subcorotated into the dusk to midnight sector, having essentially completed one turn of the planet (see Figure 3 of Nichols et al. [2014] ). As suggested by Nichols et al. [2014] , the remaining decaying forms in the noon sector, specifically the higher-latitude forms of the bifurcated oval, may then correspond to the expected region of upward current associated with the pressure gradient at the trailing edge of the hot plasma injection. The decaying injected hot plasma will continue to circulate but by now producing only weak related auroral emissions. During intervals of more extended solar wind disturbance, however, involving rapid open flux production and tail growth (see Badman et al. [2005] ), additional major injections from the tail may then occur leading to renewed storm conditions, such as we inferred took place for storms 2 and 3 during the 2004 Cassini approach campaign ( Figure 7 ) and also for storms 11 and 12 ( Figure 5 ).
An additional implication of the~16 h time scale combined with the overall~12% storm occurrence frequency is that on average, storms occur at intervals of~5.5 days within a likely range of 4-7 days. caused by solar cycle modulated coronal mass ejection events as well, as originally discussed by Prangé et al. [2004] , which will reduce the deduced time scale particularly during solar active intervals. Further, as indicated above, we have evidence in this data set of occasional sequential activations occurring within more extended few-day solar wind-disturbed intervals (such as storms 2 and 3 in Figure 7 ), which would also act to shorten the above statistic.
We finally note that testing of the above storm scenario covering a given storm over the full evolutional sequence from initial usual morphologies to storm auroras and back again requires at least~32 h of observations centered on the storm, with an observation cadence of~3 h or less. Such observations do not exist at the present time.
